FtsZ plays a crucial role in bacterial cell division, and may be involved in plastid division in eukaryotes. To investigate the evolution of the dividing apparatus from prokaryotes to eukaryotes, the ftsZ genes were isolated from the unicellular primitive red alga Galdieria sulphuraria. Two ftsZ genes (GsftsZI and GsftsZI) were isolated. This suggests that duplication and divergence of the ftsZ gene occurred in an early stage of plant evolution. A comparison of the FtsZs of G. sulphuraria and other organisms shows that FtsZ is highly and universally conserved among prokaryotes, primitive eukaryotic algae, and higher plants. The GsftsZ2 gene seems to contain an intron. Southern hybridization analysis of the G. sulphuraria chromosomes separated by CHEF revealed that each ftsZ gene and its flanking region may be duplicated.
It is generally accepted that mitochondria and plastids arose from prokaryotic endosymbionts during eukaryotic evolution (Margulis 1970 , Gray 1992 . According to this hypothesis, mitochondria and plastids originated from a purple bacteria and cyanobacteria, respectively. Several genes essential for bacterial cell division have been identified in prokaryotes such as Eschehchia coli (de Boer et al. Abbreviations: aa, atnino acid(s); bp, base pair(s); CHEF, Contour-Clamped Homogenous Electric Fields; DAP I, 4',6-diamidino-2-phenylindole; EtBr, ethidium bromide; ORF, openreading frame; PD ring, plastid-dividing ring; PFGE, pulsed-field gel electrophoresis; UV, ultraviolet; VIMPCS, video-intensified microscope photon counting system.
The nucleotide sequences reported in this paper have been submitted to the DDBJ, EMBL, GenBank under accession numbers AB022594 (GsftsZI) and AB022595 (GsftsZZ). 1 Present address: Department of Applied Biological Science, Faculty of Science and Technology, Science University of Tokyo, Noda, Chiba, 278-8510 Japan. 2 Present address: Department of Integrated Biosciences, Graduate School of Frontier Sciences, University of Tokyo, Hongo, Tokyo, 113-0033 Japan. 3 Present address: Department of Biological Science, Faculty of Science, Nara Women's University, Nara, 1990, Rothfield and Justice 1997) . The best-characterized bacterial cell division gene is ftsZ. The FtsZ protein forms a bacterial contractile ring (FtsZ ring) beneath the cytoplasmic membrane at the leading edge of the cell division site (Bi and Lutkenhaus 1991) . FtsZ has a tubulin-signature motif, which is common to both FtsZ and tubulin, and may be an evolutionary progenitor of tubulin (Erickson 1995) . ftsZ is widespread in eubacteria and archaebacteria, and has been found in every bacterial species in which it has been sought (Erickson 1997) . Therefore, FtsZ is assumed to play a crucial role in bacterial cell division.
A ring-like structure is also involved in organelle division in eukaryotic cells. In plant and alga cells, the ringlike structure that appears at the constricted isthmus of a dividing plastid (the plastid-dividing ring; PD ring) has been identified as the division apparatus of plastids (Mita et al. 1986 ). Since the PD ring was first identified as electron-dense bundles outside the chloroplast envelope at the constricted isthmus of the dividing chloroplast in red algae, PD rings have been observed in red, brown, and green algae, mosses, ferns, and higher plants (summarized in Kuroiwa 1991) . The PD ring is therefore thought to be an universal plastid division apparatus. In most organisms, a double PD ring structure, which consists of an outer ring in the cytoplasm and an inner ring in the matrix of the chloroplast, is observed (Hashimoto 1986 , Kuroiwa et al. 1998 .
According to the theory of endosymbiosis, plastids and mitochondria originated as bacterial endosymbionts early in the evolution of eukaryotes. Therefore, it is not surprising that the machinery of bacterial division might be conserved in plastids. FtsZ homologues have been reported in three eukaryotes, the dicotyledonous plant Arabidopsis thaliana Vierling 1995, Osteryoung et al. 1998) , the moss Physcomitrellapatens (Strepp et al. 1998) , and the cryptomonad alga Guillardia theta (Fraunholz et al. 1998) . The N-terminal sequences of A. thaliana FtsZ (AtFtsZl-1) have properties typical of chloroplast transit peptides. Moreover, the translation products of AtftsZl-1 were imported into isolated pea chloroplasts in vitro. In addition, disrupting P. patens ftsZ impeded plastid division and resulted in giant chloroplasts. Recently, Osteryoung et al. (1998) reported the isolation of a second ftsZ homologue of A. thaliana (AtftsZ2-l) whose products are not localized in the chloroplast. Both forms of Arabi-dopsis FtsZ are essential for chloroplast division. Therefore, it is generally accepted that FtsZ is involved in both bacterial cell division and plastid division. However, little is known about the involvement of FtsZ in the plastid dividing apparatus, the PD ring.
Our ultimate aim is to investigate the relationship between FtsZ, which forms a ring structure in prokaryotic cells, and the organelle-dividing ring in eukaryotic cells. We are also interested in the evolution of the dividing apparatus from prokaryotes to eukaryotes, and have focused on the change when the endosymbiotic event occurred. To understand the evolution of the dividing apparatus, it is useful to isolate and characterize ftsZ genes from primitive eukaryotes and compare them to other prokaryotic and eukaryotic ftsZ genes. Therefore, as the first step of our study, we isolated and initially characterized the ftsZ genes from the unicellular primitive red algae, Cyanidiophyceae, which are thought to be some of the most primitive eukaryotes (Seckbach 1992 , Fukuda 1994 .
In this paper, we report the isolation of the ftsZ genes from the Cyanidiophyceae species Galdieria sulphuraria. A comparison of G. sulphuraria FtsZ proteins with other FtsZ proteins shows that FtsZ is highly and universally conserved among prokaryotes, primitive eukaryotic algae, and higher plants, suggesting conservation of its function. It is notable that G. sulphuraria contains two types of ftsZ genes, suggesting that duplication and divergence of the ftsZ gene might have occurred early in plant evolution.
Materials and Methods
Cell culture and DNA extraction-Galdieria sulphuraria cells were cultured in Allen's medium (Allen 1959) . G. sulphuraria DNA was extracted using the method of Ohta et al. (1992) . Cells were harvested, frozen, and ground into a powder with a liquid nitrogen-cooled mortar and pestle. After a series of extractions with phenol, phenol/chloroform (1 : 1, v/v), and chloroform, and precipitation with 2-propanol, the total DNA was partially purified by CsCl density gradient centrifugation in the presence of ethidium bromide (EtBr) at 200,000 xg for 20 h at 20°C.
The Cyanidiophyceae species Cyanidium caldarium RK-1 was used as a control for DNA fluorometry of the G. sulphuraria cell nucleus. C. caldarium RK-1 cells were also cultured in Allen's medium.
PCR-The degenerate PCR method was used to obtain a fragment of theftsZ gene. A pair of oligonucleotides [5'-AAYA-CNGAYDSNCARGC-3' and 5'-GTNCCNGTNCCNCCNCCCA-T-3'] corresponding to the highly conserved amino acid sequences NTD(A/S)QA and MGGGTG (indicated by the arrows in Fig. 1A ) was synthesized and used as primers. The primers were similar to those used to isolate ftsZ from Rhizobium meliloti (Margolin et al. 1991 ) with minor modification. PCR was performed for 30 cycles of 94°C for 0.5 min/55°C for 0.5 min/72°C for 1 min. The PCR products were electrophoresed using 2.0% agarose NA gels (Pharmacia LKB Biotechnology). Bands of the appropriate length were harvested and the DNA extracted using a QIAquick Gel Extraction kit (QIAGEN, Germany). The extracted PCR products were cloned into the plasmid vector pT7Blue (Novagen), and subjected to sequence analysis.
The inverse PCR method was used to obtain the full-length of each/fsZ gene. Inverse PCR was based on the methods described by Ochman et al. (1988) and Triglia et al. (1988) with some modifications. 0.5 j«g of total G. sulphuraria DNA was digested with the appropriate restriction enzymes, using enzymes with no recognition sites in the sequence of the degenerate PCR product. The digested DNA was self-ligated with T4 DNA ligase (TaKaRa Shuzo, Otsu, Japan) and then extracted with phenol: chloroform (1:1, v/v), precipitated with ethanol, and used as a template. PCR was performed for 30 cycles of 94°C for 1 min/55°C for 2 min/72°C for 3 min. The following primers were used: 5-AGT-TCTGCAGTTCAAGGTGG-3' and 5-TCCCCTAGTAATTTCG-CTCC-3' for GsftsZl, and 5-GCAAAAGCTCTTCAAGGTGG-3' and 5'-CATACCCAATCCTCTGCAAC-3' for GsftsZ2. The PCR products were cloned as described above, subcloned into the plasmid vector pBluescript SKII + , and subjected to sequence analysis.
To reconstruct each ftsZ gene, PCR was performed with the following primers: 5-GGAATCGACTACCCAACATC-3' and 5'-GTCCCAGCCAAACTCAAATC-3' for GsftsZl, and 5-ATG-TGTCTTTGGAGTCTATG-3' and 5'-CATACAATTACAATCC-CGAC-3' for GsftsZ2. These primers were designed from the sequence just outside the ORF of each ftsZ gene, so that the PCR product included the full-length of the ORF of each ftsZ gene. PCR was performed for 30 cycles of 94°C for 0.5 min/55°C for 0.5 min/72°C for 1 min. The PCR products were extracted as described above and used as/teZ-gene-specific probes in Southern blot analysis. They were sequenced to verify the sequence.
DNA sequencing-DNA sequencing was performed using the dideoxynucleotide chain-termination method (Sanger et al. 1977 ) with a Dye Terminator Cycle Sequencing Kit and an automated DNA sequencer (Perkin-Elmer Cetus, Applied Biosystems Division, CA). The sequence data were analyzed with DNASIS software (Hitachi Software Engineering Co., Ltd., Hitachi, Japan) and compared to sequences in the GenBank/SWISS-PROT databases. The search for protein motifs was performed with PRO-SITE and PSORT.
Southern hybridization-Genomic Southern hybridization was carried out using the PCR fragment including the full-length of each ftsZ gene as a probe. 10 n% of G. sulphuraria total DNA digested with the appropriate restriction enzymes were separated on a 1.0% agarose gel in 1 x TAE buffer [40 mM Tris-acetate and 1 mM EDTA (pH 8.0)] for 12 h at 25 V. The DNA was transferred to a nylon membrane using the capillary transfer method according to the manufacturer's instructions, and hybridized with 32 Plabeled G. sulphuraria ftsZl-and G. sulphuraria ftsZ2-$ene-specific probes. Each DNA probe was labeled with [a-32 P]dCTP using the Megaprime DNA labeling system (Amersham LIFE SCIENCE, U.S.A.) according to the manufacturer's instructions. Prehybridization and hybridization were performed at 42°C in hybridization solution [5XSSPE (750 mM NaCl, 43.25 mM NaH 2 PO 4 and 6.25 mM EDTA), 5 x Denhardt's solution (0.1% (w/v) Ficoll, 0.1% (w/v) polyvinylpyrrolidone, and 0.1% (w/v) bovine serum albumin), 0.5% SDS, 50% formamide, and 100/igmr 1 denatured salmon testes DNA] for 1 h without a probe and for 16 h with a probe, respectively. After hybridization, the membrane was washed with a series of washing buffers [2, 1, and 0.1 x SSC (1 x SSC contains 15 mM sodium citrate and 150 mM NaCl) each containing 0.1% SDS] at 42°C for 15 min per buffer. Then, the membranes were exposed to X-omat AR film (Kodak, U.S.A.) under intensifying screens at -80°C.
Chromosomal localization of ftsZ genes-The Contour-
Clamped Homogenous Electric Fields (CHEF) Mapper Electrophoresis System (BIO-RAD) was used with \% agarose NA gels (Pharmacia) at all times. The sample plugs were prepared following the method of Takahashi et al. (1993) . The DNA in the sample plugs was electrophoresed at 6Vcm~' with an angle of 120°, in circulating 0.5xTBE buffer (90 mM Tris-borate, 2 mM EDTA [pH 8.0]) at 14°C. Under standard conditions, electrophoresis was performed with pulse intervals of 60 s for 20 h, fol-.lowed by pulse intervals of 90s for 12 h. To separate C.sulphuraria chromosomes less than 400 kbp, electrophoresis was performed using the auto-algorithm mode of the CHEF Mapper System to separate DNA between 200 and 450 kb (35 h 50 min, pulse intervals 30.10-40.69 s). After CHEF electrophoresis, Southern hybridization was performed using the conditions described above, except that the washing was carried out at 65°C.
Fluorometry of DNA in the nucleus of G. sulphuraria cellsCells were fixed in 0.5% glutaraldehyde dissolved in TAN buffer [20 mM Tris-HCl (pH 7.6), 0.5 mM EDTA, 1.2 mM spermidine, 7 mM 2-mercaptoethanol, and 0.4 mM phenylmethylsulfonyl fluoride] and stained with l^gml" 1 DAP1. Then, a cover slip was placed over the sample, which was then squashed with strong pressure. The samples were irradiated with ultraviolet (UV) light, and observed with an epifluorescence microscope (BHS-RFK; Olympus, Tokyo, Japan). The amount of DNA in the nucleus of G. sulphuraria cells was determined with a video-intensified microscope photon counting system (VIMPCS). The nuclei were measured in telophase cells of G. sulphuraria, and C. caldarium RK-1 nuclei were used as controls.
Results

Detecting and cloning the G. sulphuraria ftsZ genes-
To detect ftsZ homologues in G. sulphuraria, PCR was carried out using degenerate oligonucleotide primers corresponding to two highly conserved segments, NTD(A/ S)QA and MGGGTG. Two major bands were amplified from total G. sulphuraria DNA. One of these was approximately 200 bp, as expected, and the other was approximately 280 bp. Both the 200-and 280-bp bands were extracted and cloned, since the 280-bp band was amplified as strongly as the 200-bp band. In each case, at least two clones were sequenced and shown to contain the same insert except for regions corresponding to the degenerate primers. The deduced amino acid sequences (corresponding to the region between the arrows in Fig. 1A) showed a high similarity to the corresponding region of known FtsZ proteins. Therefore, we concluded that these PCR fragments were segments of G. sulphuraria ftsZ genes. We called the G. sulphuraria ftsZ gene corresponding to the 200-bp band G. sulphuraria ftsZl {GsftsZl), and that corresponding to the 280-bp band G. sulphuraria ftsZ2
(GsftsZ2).
A comparison of these PCR fragments showed that the 280-bp PCR fragment (corresponding to GsftsZl) contained two additional sequences. As shown in Fig. IB , one of these had GT at the 5' end and AG at the 3' end. This is consistent with the GT-AG rule for introns, whereby an intron begins with GT and ends with AG. In addition, this sequence contained an internal CTAAT motif, which is consistent with CTRAY, the general branch point consensus for green plants, fungi, and yeasts (Brown and Elfman 1982) . Therefore, we predicted that this sequence is an intron. It was located between the first and second nucleotides of the codon for G 157 (shown by the open arrowhead in Fig. 1A ) in GsFtsZ2. These intron-specific motifs were not found in the other additional sequence, corresponding to V 136 -H 142 in GsFtsZ2. Inverse PCR was used to obtain the entire gene rapidly. When primers designed for GsftsZl were used in inverse PCR, 3.0 and 7.0 kb fragments were amplified from circularized G. sulphuraria DNA cut with HindAW and Sail, respectively. These fragments were cloned, mapped, and sequenced. Consequently, the DNA sequence containing the ORF of GsftsZl and its flanking regions was determined. The deduced amino acid sequence is shown in Fig. 1A . We used the same way including inverse PCR method, and determined the DNA sequence of GsftsZ2 (Gs2 in Fig. 1A ).
Nucleotide and deduced amino acid sequences of the G. sulphuraria ftsZ genes-The deduced amino acid sequences of both ftsZ genes are shown in Fig. 1A , and compared with other known FtsZ proteins. The GsftsZl and GsftsZ2 sequences are predicted to encode proteins of 484 and 403 residues, respectively. FtsZ proteins generally contain a highly conserved core region, corresponding to I 13 -G 314 in Escherichia coli FtsZ, while the length and similarity of the N-and C-terminal sequences are extremely divergent between species. Within the conserved core region, GsFtsZl and GsFtsZ2 shared a high similarity with other FtsZ proteins. For example, this region of GsFtsZl and GsFtsZ2 shares 66% and 63% identity with the FtsZ protein of the cyanobacterium Synechocystis sp. PCC 6803, respectively. The tubulin signature motif (GGGTG(T/S)G), which is common to both FtsZ and tubulin, and is important for GTP binding, is also conserved in GsFtsZl and GsFtsZ2.
In contrast with the core region, the N-and C-terminal regions of GsFtsZl and GsFtsZ2 were not only very different from other known FtsZs, but also from each other. Like Arabidopsis thaliana FtsZ (AtFtsZl-1), GsFtsZl and GsFtsZ2 shared longer N-terminal sequences than other bacterial FtsZs. In Arabidopsis, the N-terminal residues of AtFtsZl-1 have properties typical of chloroplast transit peptides Vierling 1995, Osteryoung et al. 1998 ). However, typical transit peptides were not found in the N-terminal sequences of GsFtsZl and GsFtsZ2 in a search using the program PSORT. GsFtsZl shares a long C-terminal sequence similar to that of other typical FtsZs. In contrast, GsFtsZ2 protein only shared one residue in the C-terminal region. Although the similarity of the C-terminal region varies extensively in sequences in general, one consensus sequence (DIPXFL) is found near the end of these proteins in prokaryotes and eukaryotes. This consensus was not found in the sequences of AtFtsZl-1 or GsFtsZ2.
Copy number of G. sulphuraria ftsZ genes-To determine the copy number of each ftsZ gene, genomic Southern hybridization analyses were performed using each ftsZ gene as a probe (Fig. 2) . When total genomic G. sulphuraria DNA was probed with the GsftsZl gene, a single band was detected in the Xba\ and Sail lanes, and two bands were detected in the Hindi, Hindlll, and Pstl lanes, which have recognition sites inside the GsftsZl gene. These results suggest that GsftsZl is a single-copy gene in the G. sulphuraria genome.
When total genomic G. sulphuraria DNA was probed with the GsftsZ2 gene, a single band was detected in the Hindlll and Xbal lanes, two bands were detected in the Hindi and Sail lanes, and three bands were detected in the Pstl lane. The results with Xbal and Sail were reasonable, since they have zero and one recognition sites inside the ORF of the GsftsZ2 gene, respectively. Hindi has two recognition sites inside the ORF; therefore a third Hindi band was expected. The DNA corresponding to this band probably ran off the gel, since its predicted size was 200 bp. One major band and one weak band were detected in the Sad lane, although there is no Sail recognition site inside the ORF. Similarly, two major bands and one weak band were detected in the Pstl lane, although there is only one Pstl site inside the ORF. It is unclear whether hybridization to another GsftsZ2 homologue or non-specific hybridization caused these weak bands. In general, however, these results suggest that GsftsZ2 is also a single-copy gene in the G. sulphuraria genome.
Chromosomal localization of the ftsZ genes-To de- (GsftsZ2; B) . In each case, 10 fi% of total DNA were digested with the restriction enzyme indicated above each lane, then Southern hybridization was performed. ADNA digested with Sty\ was used as a size marker.
termine the chromosomal location of GsftsZl and GsftsZ2, G. sulphuraria chromosomal DNA was separated by CHEF electrophoresis. Under standard conditions for CHEF, G. sulphuraria chromosomal DNA was detected in many bands, which ranged from about 100 kbp to about 400 kbp in size (panel 2 in Fig. 3 ). To produce clear separation, further electrophoresis was performed using the auto-algorithm mode of the CHEF Mapper System to separate DNA less than 450 kbp (panel 5 in Fig. 3) . However, G. sulphuraria chromosomal DNA could not be separated perfectly even under these conditions. When Southern hybridization was performed with a GsftsZl-gene probe on G. sulphuraria chromosomes separated under these conditions, two hybridization signals were detected at positions of about 250 and 290 kbp (panels 3 and 6 in Fig. 3 ). Similarly, when Southern hybridization was performed with a GsftsZ2-gene probe, two hybridization signals were detected at positions of about 250 and 310 kbp (panels 4 and 7 in Fig. 3 ). The two patterns of hybridization signals were different, suggesting that these probes did not cross-hybridize. Two more weak bands were observed in the lane using the Gs/?5Z2-gene probe (lane 7 in Fig. 3 ), but it is unclear whether these weak bands were caused by hybridization to GsftsZ2 homologues or non-specific hybridization. These results show that G. sulphuraria contains at least two copies each of GsftsZl and GsftsZ2. The GsftsZl Fluorometry of the DNA in the nucleus of G. sulphuraria cells-The size of the G. sulphuraria genome estimated from CHEF electrophoresis seemed to be much smaller than the G. sulphuraria DNA content predicted from morphological observations. To confirm the genome size of G. sulphuraria, the amount of DNA in the G. sulphuraria cell nucleus was determined using a video-intensified microscope photon counting system (VIMPCS) in a comparison with C. caldarium RK-1. The amount of DNA in the G. sulphuraria cell nucleus was estimated to be about 2.2 times that in the C. caldarium RK-1 nucleus. Therefore, the G. sulphuraria genome is estimated to be approximately 30 Mbp in size (Table 1) .
Discussion
In this study, two ftsZ genes were isolated from G. sulphuraria. A comparison of the amino acid sequences of the FtsZs determined in this study with other known FtsZs, including two eukaryotic FtsZs, showed that the core region of FtsZ proteins are highly and universally conserved among prokaryotes, primitive eukaryotic algae, and higher plants. This suggests that the eukaryotic FtsZs have functions that are generally similar to those of prokaryotic FtsZs.
It is interesting that G. sulphuraria has two ftsZ genes (GsftsZl and GsftsZI). This suggests that the duplication and divergence of the ftsZ gene might have occurred early in plant evolution.
As described in the Introduction, the ring-like structure that appears at the constricted isthmus of a dividing plastid (the PD ring) has been identified and observed to be a double structure that consists of outer-and inner rings. Kuroiwa et al. (1998) proposed that FtsZ protein might be involved in the inner ring because of its topological similarity to the bacterial FtsZ ring. In addition, Osteryoung et al. (1998) recently reported that A. thaliana encodes two FtsZ proteins (AtFtsZl-1 and AtFtsZ2-l), and proposed that in Arabidopsis AtFtsZl-1 and AtFtsZ2-l are involved in the inner and outer rings, respectively. However, FtsZ proteins have not been localized on the PD ring. It is interesting to determine which rings the GsFtsZl and GsFtsZ2 proteins are involved with. If they were involved with the inner ring, there should be signal sequences in the N-or C-terminal sequences. Although typical transit peptides were not found in the N-terminal sequences of GsFtsZl and GsFtsZ2 in a search using the program PSORT, there might be some transit peptide in the N-terminal sequences of GsFtsZl and GsFtsZ2 since they share long N-terminal sequences. GsFtsZl is similar to both AtFtsZl-1 and AtFtsZ2-l (58% and 64% in the core region, respectively), and GsFtsZ2 is also similar to both AtFtsZl-1 and AtFtsZ2-1 (58% and 64% in the core region, respectively). Therefore, localization of GsFtsZl and GsFtsZ2 remains uncertain as compared with the two Arabidopsis FtsZ proteins. Immunolocalization studies of these FtsZs should reveal with which ring(s) they are involved.
Some prokaryotes, such as Rhizobium meliloti, have two ftsZ genes (Margolin and Long 1994) . R. meliloti has two ftsZ genes (590 aa and 345 aa), which differ primarily in the length of their C-terminal sequences; however, the difference in their biological function remains uncertain. Since GsFtsZl has a longer C-terminal sequence than GsFtsZ2, the difference in the length of the C-terminal sequences may be related to differences in the biological function of the two/teZ genes. Moreira et al. (1994) determined by pulsed-field gel electrophoresis (PFGE) that G. sulphuraria contains 40 chromosomes, which range in size from 100 to 420 kbp. Although the G. sulphuraria chromosomes could not be completely separated, the results of our CHEF analysis are consistent with this previous report. As the other two Galdieria species share similar electrophoretic karyotypes to that of G. sulphuraria, A large number of small chromosomes is believed to be characteristic of the genus Galdieria (Moreira et al. 1994) . Moreira et al. (1994) estimated that the G. sulphuraria genome is 9.8 Mbp by summing the sizes of all the chromosomal bands found in PFGE analysis. However, this value seemed to be much smaller than that predicted from morphological observations of the G. sulphuraria DNA content. Using VIMPCS, the G. sulphuraria genome was estimated to be approximately 30 Mbp. The reason why the genome size estimated from PFGE analysis is smaller than that estimated with VIMPCS is unclear. Genomic Southern hybridization analysis suggests that GsftsZl and GsftsZ2 are single-copy genes. However, Southern hybridization analysis of the G. sulphuraria chromosomes separated by CHEF revealed that G. sulphuraria contains two copies each of GsftsZl and GsftsZ2, and that these copies exist on different chromosomes. These results are consistent with the idea that a long region of each genome that includes the ORF of each ftsZ gene may be duplicated and slightly diverged. Therefore, these results suggest that G. sulphuraria contains two types of ftsZ genes, the GsftsZl and GsftsZ2 types, and that each of them is duplicated. Although the G. sulphuraria chromosomes could not be completely separated, the results of Southern hybridization experiments showed that the GsftsZl gene exists on chromosomes about 250 and 290 kbp in size, and the GsftsZ2 gene exists on chromosomes about 250 and 310 kbp in size.
A similar duplication of the ftsZ gene may occur in the Cyanidiophyceae species C. caldarium RK-1 (Takahara et al. unpublished data). C. caldarium RK-1 ftsZ hybridized with a single band in a genomic Southern blot analysis, whereas Southern blot analysis combined with CHEF revealed two hybridization signals derived from chromosomes VII and VIII. C. caldarium RK-1 has two very similar actin genes (actl and actl), suggesting that some genes in the C. caldarium RK-1 genome have been duplicated, but have not yet diverged (Takahashi et al. 1998) . With regard to ftsZ, it is possible that duplication similar to that of the actin genes may have occurred in C. caldarium RK-1 and also in G. sulphuraria.
For many reason, G. sulphuraria is thought to be less primitive than C. caldarium (Fukuda 1994) . The discovery by means of VIMPCS that the G. sulphuraria genome is approximately 2.2 times the size of the C. caldarium RK-1 genome supports this hypothesis. Isolation of C. caldarium RK-1 ftsZ suggests that C. caldarium RK-1 has a single type of ftsZ gene (Takahara et al. unpublished data) . These data imply that duplication of the ftsZ gene may have occurred during the evolution of Cyanidiophyceae species.
